Background. Cognitive impairment persists despite suppression of plasma human immunodeficiency virus (HIV) RNA. Monocyte-related immune activation is a likely mechanism. We examined immune activation and cognition in a cohort of HIVinfected and uninfected women from the Women's Interagency HIV Study (WIHS).
Human immunodeficiency virus (HIV)-associated neurocognitive disorder (HAND) is a debilitating condition that affects up to 50% of people living with HIV, despite access to combination antiretroviral therapy (cART) [1] . Understanding the cellular and molecular mechanisms leading to HAND is of clinical importance, particularly among those adherent to treatment, as HAND is associated with loss of employment [2] , decreased ability to multitask [3] , impaired medication self-management [4] , and shorter time to virologic failure. [5] These factors influence health and quality of life [6] .
Chronic immune activation is a common theme in describing potential mechanisms underlying persistence of HAND despite suppression of plasma viremia [7] . Two postulated sources of this immune activation are intracellular HIV DNA in tissues and circulating cells (eg, monocytes, lymph nodes, and, potentially, the brain) and gut microbial translocation [8, 9] . However, published work describing HAND is frequently based on the evaluation of study participants who have a mixture of suppressed or unsuppressed plasma HIV RNA levels, a factor that limits our understanding of persistent impairment despite suppressive therapy [10] .
Circulation of activated CD14 + /CD16 + monocytes containing HIV contribute to chronic immune activation. These monocytes are theorized to carry HIV into the brain [7] . There, HIV proteins and monocyte-derived cytokines and chemokines damage cells and tissue. Regarding gut microbial translocation, this ensues when immune barriers in the gut are markedly depleted within the first month of HIV infection and do not fully recover after initiating cART [11, 12] . This so-called leaky gut allows microbial products to cross into the blood, leading to a low level of chronic immune activation [8] .
Chronic immune activation, measured on the basis of plasma and serum biomarkers, is associated with worse cognitive performance, especially when determined using monocyte markers such as soluble CD163 (sCD163) and soluble CD14 (sCD14). sCD163 is a monocyte-associated hemoglobin-haptoglobin complex scavenger receptor cleaved from activated monocytes during inflammation [13] . The plasma sCD163 level is elevated in HIV-infected individuals and is further increased in those with HAND as compared to those without HAND, even in the setting of suppressive cART [14] [15] [16] . sCD14 is thought to be an indicator of gut microbial translocation. CD14 binds lipopolysaccharide, part of the cell wall of gram-negative bacteria, which activates the monocyte to cleave and release CD14 as the marker sCD14 [17] . Similar to sCD163, elevated levels of plasma sCD14 are linked to cognitive impairment in HIVinfected individuals [18, 19] .
Previous studies linking HAND and monocyte activation have predominantly enrolled men or enrolled disproportionately small numbers of women [16, [20] [21] [22] [23] [24] [25] [26] . We recently examined cognition in a large sample of HIV-infected and uninfected women from the Women's Interagency HIV Study (WIHS; n = 1521). HIV-infected women performed worse than HIV-uninfected women in the domains of verbal learning and memory, psychomotor speed, and attention [21] . These findings differ from those described in predominantly male cohorts, in which abnormalities are most frequently described in the domains of learning and executive functioning [1] . Differences in brain outcomes, by sex, have also been suggested in studies identifying increased frequency of ischemic stroke in HIV-infected women versus HIV-infected men [27] and the degree of inflammatory marker resolution following cART initiation, including that for sCD14 [28] .
In this study, we therefore investigated the relationship between chronic immune activation and cognitive performance in a sample of HIV-infected and uninfected women from the WIHS. Our primary aim was to examine the association between chronic immune activation, using a monocyte activation marker (sCD163) and other markers (C-reactive protein [CRP] and interleukin 6 [IL-6]), and cognitive performance. We hypothesized that higher blood levels of the monocyte activation marker and nonspecific markers were associated with worse cognitive performance. Secondarily, we explored the association between gut microbial translocation and cognitive performance. We examined a monocyte activation marker of gut microbial translocation (sCD14) and a novel marker of gut microbial translocation (intestinal fatty acid binding protein [I-FABP]).
METHODS

Subject Selection
The WIHS is a multicenter prospective observational study of HIV-infected and uninfected women [29] . Women were included if they were able to consent to participate, complete interviews and semiannual visits, and undergo blood sample collection. At the time of enrollment, the women did not have a known diagnosis of dementia. For the current analyses, we evaluated participants enrolled in one of 2 substudies in which pertinent biomarkers were measured: the transient elastography (TE) substudy (n = 337) and the magnetic resonance spectroscopy (MRS)-based steatosis (MRS steatosis) substudy (n = 139). Women could enroll in both substudies. All subjects signed consent forms approved by human subject review boards at their respective sites.
The TE substudy was designed as a nested cohort study to investigate the contributions of HIV monoinfection, hepatitis C virus (HCV) monoinfection, and HIV/HCV coinfection to liver disease, relative to liver disease in women without HIV or HCV infection. Participants were enrolled from October 2010 through December 2012 at the San Francisco, Chicago, and Washington, D. C., sites. All participants were between the ages of 25 and 65 years and negative for hepatitis B virus surface antigen, not pregnant, and not receiving interferonbased therapy. All participants meeting these criteria were approached at their WIHS semiannual visit and asked to participate in the TE substudy. Women who had a body mass index (calculated as the weight in kilograms divided by the height in meters squared) of >35 or evidence of decompensated cirrhosis (eg, ascites, hepatic encephalopathy, or esophageal varices), acute hepatitis, hepatitis flare, or cholestasis were also excluded from the study because of reported interference with the TE measurement. A total of 371 women were approached, of whom 34 did not meet standardized criteria for a valid TE measurement and were excluded.
The MRS steatosis substudy was designed to investigate the contribution of HIV, HCV, and metabolic factors to hepatic steatosis. Participants were enrolled from December 2003 through July 2015 in 2 waves-from 2003 to 2010 (n = 95) and from 2014 to 2015 (n = 44). All women from the San Francisco WIHS site who were capable of undergoing MRS and without hepatitis B virus surface antigenemia, prior HCV treatment, or decompensated cirrhosis were approached. For the current substudy, we selected all participants in either of the 2 substudies (n = 460) described above who completed testing for any of the biomarkers of interest during the semiannual visit before or after the visit when neuropsychological testing was performed (n = 253).
Clinical Characterization
WIHS visits involve comprehensive medical and social evaluations, as well as neuropsychological testing completed in waves such that all women undergo neuropsychological testing over 18 months. Cognitive tests have been described elsewhere [20] . Briefly, they are the Hopkins Verbal Learning TestRevised, the Stroop Task test, the Trail Making test ( parts A and B), the Symbol Digit Modalities Test, the Letter Fluency (F, A, S) test, the Letter Number Sequencing test, the Semantic Fluency (animals) test, and the Grooved Pegboard test. Raw individual test scores were adjusted on the basis of values from a larger sample of HIV-uninfected WIHS women [21, [30] [31] [32] [33] [34] [35] and transformed into z scores. All outcome measures for timed tests (the Trail Making, Stroop Task, and Grooved Pegboard tests) were skewed and therefore log transformed before the creation of z scores. z scores were then averaged to create 7 composite indices (verbal learning, verbal memory, attention/concentration, executive functioning, psychomotor speed, verbal fluency, and fine motor skills), as well as an average overall global summary score. Blood samples collected during the semiannual visit before or after the visit when neuropsychological testing was performed were included in the primary analysis. The number of days between biomarker measurement and neuropsychological testing differed slightly by biomarker (eg, a mean [±SD] of −8.85 ± 159 days [range, −329-333 days) for sCD163, compared −6.16 ± 158 days [range, −329-333 days] for sCD14). We then completed sensitivity analyses for those captured on the same day.
Laboratory Measurements sCD163, sCD14, and I-FABP levels were measured in frozen plasma stored at −70°C, using enzyme-linked immunosorbent assays (ELISAs; the Quantikine ELISA kit [R&D Systems] for sCD163 and sCD14 and the I-FABP ELISA kit [Hycult Biotech] for I-FABP) according to the manufacturer's protocols. CRP and IL-6 levels were measured in frozen sera stored at −70°C using ELISA kits (the BNII nephelometer [Dade Behring] and the Quantikine HS Human IL-6 Immunoassay kit [R&D Systems], respectively) according to the manufacturers' protocols. HIV RNA levels were measured by the COBAS AmpliPrep/ COBAS TaqMan HIV-1 PCR test (Roche Molecular Systems; lower limit of detection, 20 HIV-1 RNA copies/mL) according to the manufacturer's protocols. For sensitivity analyses of women with suppressed HIV RNA levels, we selected 500 copies/mL as the cut point because our goal was to examine correlations in the setting of optimal treatment and because individuals can experience intermittent episodes of detectable viremia (so-called blips) of less clear significance [36] .
Statistical Analyses
Before analysis, distributions were examined for all markers and cognitive outcomes. Distributions for sCD14, I-FABP, CRP, and IL-6 levels were skewed and therefore log transformed. For sCD163, 1 sample was >3 SDs above the interquartile range. Because the value was deemed valid, we substituted the outlier value with the next most extreme value in the variable distribution [37] .
Multivariable linear regressions in the overall sample were used to examine the relationship between the primary (sCD163 and sCD14) and secondary (CRP, IL-6, and I-FABP) inflammatory markers of interest and cognitive functioning. Adjusted models controlled for the following key covariates: site, HIV and HCV status, antidepressants, depressive symptoms, hypertension, income, and number of previous cognitive test exposures. Follow-up analyses investigated the association between inflammatory markers and cognitive performance among HIV-infected women with viral suppression (HIV RNA level, <500 copies/mL). Subanalyses in the overall sample investigated inflammatory markers and cognitive performance that were measured on the same day. Significance was set at a P value of < .05. All analyses were performed using SAS (version 9.4; SAS Institute, Cary, NC).
RESULTS
Demographic and Clinical Characteristics
Participants averaged 47 years of age and completed an average of 12.9 years of education, and most (67%) were of black, nonHispanic race/ethnicity (Table 1) . A total of 74% were HIV infected (n = 186; 33% were HCV coinfected), and 26% were HIV-uninfected (n = 67; 19% were HCV infected). Among HIV-infected women, 54% had a CD4 + T-lymphocyte count of >500 cells/mm 3 , and 50% had an undetectable plasma HIV Higher levels of sCD163 and sCD14 were associated with worse cognitive performance in both unadjusted and adjusted models of the overall sample (Table 2) . Specifically, higher sCD163 levels were associated with worse overall cognitive performance (β = −0.31, P < .001) and worse performance in the domains of verbal learning, verbal memory, executive function, and psychomotor speed (P < .001 for all comparisons), plus fine motor skills (P = .01). Although there was no association between sCD14 levels and overall cognitive performance (P = .07), higher sCD14 levels were associated with worse performance in verbal learning, executive function, and psychomotor speed (P < .01 for all comparisons), plus verbal memory (P = .04). No significant interactions were found between HIV status and sCD163 or sCD14 (data not shown). Adding in diabetes or liver fibrosis (aspartate transaminase to platelet ratio index) as a covariate in the models did not change the pattern of effects. Associations in women with viral suppression were consistent with the findings in the overall sample. Higher levels of sCD163 were associated with worse overall cognitive performance (β = −0.24, P = .04) and worse performance in the domains of verbal memory (P = .003), psychomotor speed (P = .01), and fine motor skills (P = .004; Figure 1 ). Higher levels of sCD14 were only associated with worse performance of executive function (P = .02) and marginally worse performance of psychomotor speed (P = .05; Figure 1 ). Adding the nadir CD4 + T-cell count into the model did not change the pattern of results. We conducted sensitivity analyses to determine whether our patterns of results were confounded by the duration between the completion of assays and neuropsychological tests. Specifically, we examined associations in a subset of women (HIV infected and uninfected) from whom a blood specimen was collected on the same day as neuropsychological testing (the number evaluated ranged between 43 and 53 per analysis; Supplemental Table 1 ). Consistent with analyses in the overall sample, there was an inverse pattern of associations between biomarker levels and cognitive performance. However, significance varied across associations. There were significant associations between sCD163 and verbal learning (P = .007) and verbal memory (P = .03). With respect to sCD14, there were significant associations with verbal learning (P = .007), verbal memory h Defined as any indication of hypertension (ie, systolic blood pressure of ≥140 mm Hg, diastolic blood pressure of ≥90 mm Hg, self-report, or use of antihypertensive medication).
i Defined as ≤48 copies/mL.
(P < .001), and fine motor skills (P = .03) and marginal associations with overall performance (P = .06) and executive function (P = .06).
Serum CRP, Serum IL-6, and Plasma I-FABP Levels and Cognitive Performance CRP was not associated with cognitive performance in the overall sample; however, higher serum CRP levels were associated with better verbal memory in the subset of women with viral suppression (β = 0.22, P = .04; Supplemental Table 2 ). Serum IL-6 and plasma I-FABP levels were not associated with overall cognitive performance or with any specific cognitive domain (Supplemental Tables 3 and 4) .
DISCUSSION
In this study, our primary aim was to examine the association between chronic immune activation, using a monocyte activation marker (sCD163) and other markers (CRP and IL-6), and cognitive performance in a sample of HIV-infected and uninfected women from the WIHS. Secondarily, we explored the association between gut microbial translocation, using a monocyte activation marker (sCD14) and a novel marker of gut microbial translocation (I-FABP), and cognitive performance. We found that elevated plasma sCD163 and sCD14 levels but not CRP, IL-6, or I-FABP levels were associated with worse cognitive performance in multiple cognitive domains. Notably, these associations remained present among women with suppressed plasma HIV RNA levels. The selective associations of sCD163 and sCD14 suggest that the association between inflammation and cognitive performance in the context of HIV infection are driven by monocyte lineage activation. These findings support the current theory that chronic immune activation contributes to the development of HAND and confirms the association among HIV-infected women, as well as those with suppressed plasma HIV RNA levels [10] . Other studies, largely comprising men, have reported similar associations of plasma sCD163 and sCD14 [14, 15, 18, 19] . Our study extends this line of work by demonstrating a lack of association with other markers of inflammation that are less tightly linked to monocyte activation. Furthermore, these findings are in a cohort of women whose race and ethnicity distribution reflects that of women living with HIV in the United States [38] . This is pertinent given that there are sex-associated alterations in immune activation in the setting of HIV infection [16, 28, 39] . Our data are less representative of HIV-infected men in the United States.
Inflammation was associated with multiple rather than select cognitive domains in the present study. One possibility is that inflammation may reduce the efficiency of cognitive processing. Consequently, multiple cognitive tests may be impacted. The more robust findings for sCD163 as compared to sCD14 suggests that the impact is more likely due to specific monocyte infection than gut microbial translocation. This is consistent with prior studies linking HIV DNA in CD14 + reservoirs to cognition, brain atrophy, and brain inflammation through cytokine analyses and magnetic resonance spectroscopy [40, 41] . This study also informs clinical practice in cases where successfully treated patients achieve viral suppression yet have cognitive symptoms. Given that there were no significant interactions between the monocyte activation markers and HIV status, one possibility is that similar pathways exist in HIV-infected and uninfected women. However, the comorbidity of HCV infection and the smaller sample of HIV-uninfected women caution against such conclusions. The repeated analyses of only women with HIV infection and viral suppression, however, strengthen our work. Our work is particularly strong in Table 2 . Two fewer subjects had sCD163 levels measured than subjects who had sCD14 levels measured. a β values denote standardized parameter estimates from regression models. Adjusted β values are from multivariable regression models with the following key covariates: site, human immunodeficiency virus (HIV) and hepatitis C virus (HCV) status, antidepressants, depressive symptoms, hypertension, income, and number of cognitive tests previously exposed to. b P < .001.
c P < .05.
d P > .05 and P < .10.
e P < .01.
that women in this cohort have substantial comorbidities, yet we continue to identify an association between HIV-related inflammation and cognitive performance. This finding questions premature conclusions that the persistence of HAND is due to past brain injury (before viral suppression) or simply to the presence of comorbidity. The findings support the conclusion that cART insufficiently arrests the chronic inflammatory mechanisms underlying cognitive changes in the current treatment era.
The known fluctuating presentation of HAND led us to limit the time between neuropsychological testing and plasma biomarker measurement to within 1 semiannual visit of each other. To be certain that the time window did not affect the findings, we separately analyzed associations between neuropsychological testing and biomarker measurement completed on the same day. Fewer associations were statistically significant, likely because of small sample sizes; however, the direction and magnitude of effects remained consistent with the larger model, adding confidence that our main findings are sound.
The finding that higher levels of plasma I-FABP are not associated with worse cognitive performance in this sample is counter to the theory that gut injury underlying microbial translocation contributes to worse cognitive performance. I-FABP is a marker of enterocyte damage and therefore of gut microbial translocation [42] . As such, we anticipated that associations would reflect those found for sCD14, a touted marker of gut integrity [43] . Prior studies have reported higher levels of plasma I-FABP in HIV-infected individuals [28, 44, 45] , but no studies have investigated the relationship of I-FABP and cognitive performance in the context of HIV infection. Our inconsistent finding may be attributed to the specificity of sCD14 to gut damage rather than general monocyte activation or the degree to which I-FABP represents a propensity for inflammation related to enterocyte damage. With these thoughts, gut microbial translocation, a source of chronic immune activation, may be better marked by sCD14 than I-FABP. Further characterization of I-FABP in the context of HIV infection is necessary.
This study has a few limitations. First, we cannot determine causality, because this study was cross-sectional. However, prior studies have provided evidence that inflammation has a role in the progression of cognitive impairment [46, 47] . These findings give us confidence that inflammation influences cognition during HAND, rather than the reverse. Second, we assessed cognitive performance but did not have the capacity to diagnosis HAND, owing to current WIHS methods. Thus, it is unclear whether the degree of neuropsychological changes noted in association with biomarkers would be sufficient to influence the presence or absence of HAND. A third limitation, also influenced by WIHS methods, is the limitations of power for the sensitivity analyses of same-day neuropsychological testing and biomarker measurement. Few participants complete all testing on the same day, owing to time constraints.
In conclusion, higher levels of plasma sCD163 and sCD14 but not serum CRP, serum IL-6, or plasma I-FABP were associated with worse cognitive performance in a cohort of women from the WIHS. Furthermore, we demonstrated that these associations persist among women with suppressed plasma HIV RNA levels. Our findings extend conclusions of prior studies by suggesting that monocyte activation contributes to cognitive impairment in HIV-infected women in the era of cART.
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The WIHS sites and principal investigators are as follows: Chicago WIHS, Mardge Cohen and Audrey French; Metropolitan Washington WIHS, Mary Young and Seble Kassaye; Connie Wofsy Women's HIV Study, Northern California, Ruth Figure 1 . Associations between plasma soluble CD163 (sCD163) and sCD14 and cognitive performance in virally suppressed HIV-infected women. Circles denote the standardized β weight from the regression model, and the line denotes the 95% confidence interval around the β weight. Lines not crossing 0 are significant. For sCD163, significance was noted for the global summary score (β = −0.24, P = .04), verbal memory (β = −0.36, P = .003), psychomotor speed (β = −0.28, P = .01), and fine motor skills (β = −0.34, P = .004). For sCD14, significance was noted for executive function (β = −0.25, P = .02), and a trend for significance was noted for psychomotor speed (β = −0.19, P = .05). The sample size range was 100-115.
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